University of Dayton

eCommons
Chemical and Materials Engineering Faculty
Publications

Department of Chemical and Materials
Engineering

5-2021

Comparison of Tensile Properties of Triaxial Braided Carbon Fiber
Composites Made from Vacuum Assisted Resin Transfer Molding
(VARTM) and Autoclave Molding
Donald A. Klosterman
Charles Browning

Follow this and additional works at: https://ecommons.udayton.edu/cme_fac_pub
Part of the Other Chemical Engineering Commons, and the Other Materials Science and Engineering
Commons

COMPARISON OF TENSILE PROPERTIES OF TRIAXIAL
BRAIDED CARBON FIBER COMPOSITES MADE FROM
VACUUM ASSISTED RESIN TRANSFER MOLDING (VARTM)
AND AUTOCLAVE MOLDING
Donald A. Klosterman, Charles E. Browning
Chemical & Materials Engineering Dept., University of Dayton
Dayton, Ohio 45469

ABSTRACT
Triaxially braided fiber composites are increasingly being used in aerospace, ballistic, and
sporting good applications due to their inherent damage tolerance, torsional stability, and cost
compared to woven fabrics and unidirectional preforms. There have been numerous publications
over the past 15-20 years on the mechanical properties and failure mechanisms of triaxial braided
composites. However, most of these have involved panels made with autoclave curing. In the
present study, braided carbon fiber composites were made using autoclave curing and vacuum
assisted resin transfer molding (VARTM). The goal of the study was to compare the physical and
tensile properties of quasi-isotropic panels produced from these two methods while keeping the
fiber and matrix materials constant. Material characterizations included density and fiber
volume fraction (Vf), tensile modulus and strength in both the 0° and 90° directions, and
microstructure via optical microscopy and scanning electron microscopy. The results revealed
that the 0° vs. 90° tensile properties of QISO composites are equivalent or very close is most
respects regardless of processing technique. The VARTM panels had slightly lower Vf autoclave.
However, the tensile properties of the VARTM panels compared favorably with autoclave cured
panels when normalized for fiber volume fraction. Overall this study represents a very good
side-by-side comparison of braided carbon fiber composites made with two significantly
different processes.
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1. INTRODUCTION
The use of two dimensional (2D) braided fabrics in the design and production of advanced
composites has increased over the past several decades due to improvements in damage
tolerance, torsional stability, and cost compared to woven fabrics and unidirectional preforms
[1]. The improvements in damage tolerance have been attributed to efficient load distribution
and the ability of intersecting braided yarns to arrest microcracks. In early years the most
commonly used braid architecture was biaxial, with two sets of yarns oriented in opposite
directions. More recently, triaxial configurations have gained in popularity due to the ability to
deliver quasi-isotropic properties in a single layer. For example, any number of layers of a
braided fabric containing continuous fibers in the 0°, +60°, and -60° directions (0/±60) can
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simply be stacked up in the same direction to achieve a quasi-isotropic laminate. This saves
significant time and reduces material waste compared to the process of cutting out individually
oriented plies from a larger sheet of fabric or unitape prepreg.
There have been numerous publications over the past 15-20 years on the mechanical properties
and failure mechanisms of triaxial braided composites. Three separate groups conducted
excellent experimental studies on damage initiation and progression under uniaxial or multi-axial
tensile loading. Wehrkamp et al. [2], performed tensile tests and digital image correlation on
three different braid architectures (0/±30°, 0/±45°, 0/±60°), each loaded parallel to their axial,
transverse, and braid yarn directions. Kohhman [3] and Roberts et al. [4] were among the
earliest researchers to try to bridge the gap between coupon level testing and structural
components tests. Lomov et al. [5] and Ivanov et al [6] developed a methodology to study
damage initiation and development in textile composites which employed acoustic emission to
detect initial damage during testing, as well as full field strain measurement to collect traditional
stress-strain curves. Perhaps the most complete set of QISO composite properties published to
date was made by Braley et al. [7], including 0°, 45°, and 90° tensile; 0° and 90° compression;
open hole 0° tension and compression; compression after impact; and in plane shear properties.
Properties of QISO fabric panels made by resin transfer molding (RTM) were measured by
Bowman et al [8]. Other noteworthy areas of the literature have focused on: micro- and mesomechanical models of 2D triaxial braided fabric composites, such as [9-11]; comparison of
mechanical properties of QISO composites at ambient temperature and maximum use
temperature (defined as Tg,wet – 28 °C) [12,13]; and characterization of the tensile properties of
the dry biaxial and triaxial braids [14].
The goal of the current study was to investigate the tensile properties of VARTM-processed
QISO composites as compared with autoclave molded. To date, few if any publications have
involved VARTM processing of triaxial braided composites. Of particular interest is whether the
lower fiber volume fraction, which is usually associated with VARTM processing, will have a
noticeable impact on the tensile properties when normalizing results for fiber volume fraction.
Overall this was a processing study with ultimate goal to compare 0° and 90° tensile properties
of autoclave molded vs. lower cost VARTM processing, while keeping the resin type and braid
fabric constant. Mechanics modeling and detailed failure analysis was not in the scope of the
current study, but certainly could be addressed in future work.

2. EXPERIMENTATION
2.1 Raw Materials
This project involved the use of braided carbon fabric and an epoxy resin system to make flat
composite panels via autoclave molding and vacuum assisted resin transfer molding (VARTM).
The fabric, supplied by A&P Technologies Inc. (Cincinnati, Ohio), is referred to commercially
as “QISO Light” (AP9050). It was comprised of T-700 carbon fiber tows braided in 0°/±60°
directions with a fiber areal weight (FAW) of 268 g/m2 (7.9 oz/yd2) and supplied as a continuous
roll with 27 cm (10.75 inch) width. The material was designed to deliver quasi-isotropic
properties as best as possible in a single preform, compared to the traditional method that
requires lay-up of unidirectional prepregs in different orientations, such as [0°/90°/±45°]s or
[0°/±60°]s. A photo of the dry preform is given in Figure 1. A&P also supplies several versions

of this material with higher areal weights. After cutting out and weighing several layers of
material, the FAW was determined to be 274 g/m2 (8.08 oz/yd2). This was in reasonable
agreement with the areal weight specified by the manufacturer.
The resin system used in this study was EPON 862 (diglycidyl ether of Bisphenol F) and Epikure
3274 (comprised of about 80% polyoxypropylene diamine), both received from Resolution
Performance Products LLC. They were mixed in stoichiometric proportions of 69 wt% EPON
862 and 31 wt% Epikure 3274. This resin system is commonly used for VARTM due its low
viscosity (approx. 0.1 Pa-sec) and ability to reach gelation at room temperature in about 6 hours.

Figure 1: QISO braided fabric, A) as received, B) close-up showing +60° and -60° fiber tows.
The 0° fiber tows are located inside the ±60° tows, and therefore are not highly visible. The
areas of white are reflected light from the camera flash.
2.2 Vacuum Assisted Resin Transfer Molding (VARTM) Process
The resin infusion process used in this study was developed at University of Dayton during
several semesters of a graduate level laboratory class on composite materials. The apparatus was
comprised of a flat aluminum plate, standard vacuum bagging materials, and a vacuum pump
with catch pot. The full details of the apparatus and process details are given in a previous
publication on similar composite materials [15].
All panels were fabricated with seven (7) layers of QISO Light fabric with dimensions of the
width of the fabric roll (27 cm, 10.75 inches) and either 61 or 71 cm (24 or 28 inches) long. The
fabric was manually cut from the roll using scissors and manually stacked on the molding
surface prior to vacuum bagging. The resin was prepared by first measuring out the two
components, followed by mixing by hand for 5 minutes in a plastic or paper cup using a flat
wooden stick. Resin batch sizes were approximately 400-500 grams (69 wt% EPON 862, 31
wt% Epikure 3274). The resin was degassed in a vacuum pot for 5-10 minutes at a vacuum level
of approximately 93 kPa (27.5 in Hg or 0.92 atm of vacuum).
2.3. Wet Lay-up Procedure and Autoclave Curing
The strategy for producing autoclave cured panels involved a wet-layup process to apply the
epoxy resin uniformly to the fabric, and the use of bleeder layers to remove excess resin during a
vacuum bag / autoclave cure cycle. The same resin system described above for VARTM was
also used for the autoclave. Although autoclave resin systems usually have higher viscosities

than VARTM resins, the goal of the current study was to minimize variables in order to compare
composites made with vacuum infusion to those consolidated under high pressure autoclave
conditions that are typical for aerospace applications.
For each panel, seven (7) layers of QISO Light fabric were cut from the roll with dimensions of
the width of the fabric roll (27 cm, 10.75 inches) and 35.6 cm (14 in.) long. In addition, six
layers of bleeder ply (Release Ease 234 TFP, Airtech) were also prepared, each having the same
dimension as the carbon fabric layers. A total of 112 g of resin was applied to each stack of
seven QISO Light layers. Care was taken to evenly divide this amount among all seven layers
and manually spread it out uniformly using a plastic spreader (Airsweeps, Airtech). Three layers
of bleeder ply were placed below and above the wet layup. The layup was topped with a layer of
non-porous release ply and a composite caul plate. The entire assembly was surrounded with a
resin dam fabricated from vacuum bag sealant. Two identical assemblies were fabricated on each
of two different days and cured at the same time as described next.
The wet layup assemblies were placed in the same vacuum bag under a vacuum pressure of 83
kPa (12 psig) and placed in an autoclave (Econoclave Model EC-2x4200P800F-2S2PT, ASC
Process Systems Inc.). The cure cycle was ambient to 71°C (160 °F) at a rate of 5.6 °C/min (10
°F/min). The autoclave was pressurized with nitrogen to 586 kPa (85 psig) during the
temperature ramp. The bag was vented to atmospheric pressure once 49 °C (120 °F) was
reached. When the temperature reached 71 °C (160°F) this temperature was held for 90 minutes.
Next, the inside of the autoclave was cooled to room temperature at a target rate of 5.6 °C/min
(10 °F/min). The pressure was released from autoclave when temperature dropped below 49 °C
(120 °F). A total of four panels were fabricated with the autoclave (two panels in each run, where
both panels in each run were layed up on the same day). This allowed for the repeatability of the
layup and autoclave process to be assessed.
2.4 Fabrication of Control Sample
A control sample for this study was fabricated from a commercially available carbon / epoxy
unitape prepreg which was layed up in a [0/+60/-60]2S pattern and autoclave cured. This
resulted in panels with a fiber areal weight (FAW) nearly the same as the QISO panels
(approximately 6% lower) and similar thickness. The prepreg was purchased from Rockwest
Composites (West Jordan, Utah), prepreg #14002. The fibers were Toray T-700 carbon fiber
with an areal weight of 150 g/m2 per ply. The epoxy resin, EHM-32, was a 121°C curing system
at a loading of 35 wt% of the prepreg total. The prepreg cured ply thickness (CPT) was
approximately 0.15 mm. Although this resin was not very similar to the EPON/EPIKURE resin
system used in this study, this prepreg was the best available option and it served as a good
commercially available point of comparison. Two panels of identical layup pattern were
fabricated with dimensions 25.4 cm x 35.6 cm (10 in. x 14 in.) in order to provide enough
material for testing. The prepreg was cut by hand using a razor blade and steel rulers, and the
panels were layed up by hand using a quasi-isotropic layup pattern of [0/±60]2S. Panels were
cured in an autoclave using the manufacturer’s recommended cycle: ambient to 135 °C (275 °F)
at 1.67 °C/min (3 °F/min), hold at 135 °C for 2 hours, and cool down to ambient at 1.67 °C/min.
The bag was maintained at 93 kPa (13.5 psig) vacuum pressure from the beginning of the cycle
until the temperature reached 93°C (200 °F) at which point the bag was vented to the
atmosphere. An autoclave pressure of 345 kPa (50 psig) was applied throughout the cycle.

2.5 Characterization
Tensile testing was conducted in both the 0° and 90° directions. The relevant test method for
advanced composites is ASTM D3039 (tensile properties of polymer matrix composites), which
specifies a coupon width of 15 mm (0.5 in.) for 0° unidirectional coupons and 25 mm (1.0 in.)
for all others. However, these dimensions do not work well for triaxial braid composites due to
the relatively coarse nature of the braiding architecture. This has led the development of
alternative testing methodologies [2-8]. For 0° coupons the width is usually adjusted to capture
four “unit cells” of the braid pattern, which is equal to 3.58 cm (1.41 in.) for most QISO
architectures. For 90° coupons, the width is expanded to 7.62 cm (3 in.) and gage length reduced
to 5 cm (2 in.) in order to allow some of the ± 60° fiber tows to traverse between the gripped
regions. Otherwise, the 90° coupon fails prematurely due to edge effects. The current accepted
strategy then is to use the “standard width” (3.58 cm) coupons for 0° modulus and strength
measurements, the standard width coupon for 90° modulus measurements, and the wide coupon
for 90° strength measurement. The present report only includes testing results for the standard
width coupons.
The tensile coupons were cut out of the cured panels using a diamond blade wet saw as
illustrated in Figure 3. Prior to cutting, 5.1 cm (2 inch) wide fiberglass tabs were adhesively
bonded to the panel ends (front and back side). After cutting, foil strain gages (Micromeasurements C2A-06-250LW-350) were adhesively bonded to each coupon near the middle of
the gage section (one side only). A photo of five example coupons ready for tensile testing is
given in Figure 3C.
panel
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Figure 3: Details of tensile coupon orientations (angles indicate fiber tow directions). A)
Standard width 0° coupon used for modulus and strength measurement. B) Standard width 90°
coupon used for modulus measurement only. C) photo of five tensile coupons.
A summary of the various panels produced in this study is given in Table 1. The panel ID
numbers in Table 1 were arbitrarily assigned for the purpose of subsequent data analysis and
comparison. Actually, the processing runs were conducted in random chronological order, and
all the panels listed below were the ones that the authors felt represented quality material, i.e.
after the processes had been developed and reduced to practice. Two separate VARTM
processing runs yielded one large QISO panel each (Panels #1, 2). Two separate autoclave runs
yielded two QISO panels each, and three of these were used for tensile coupons (Panels #3-5).
One autoclave run was used to produce two control panels (Panels #6-7).
Table 1: summary of composite panels and standard width tensile coupons produced.

Panel
ID #

Material

1

QISO [0]7, EPON 862/Epikure 3274

2

QISO [0]7, EPON 862/Epikure 3274

3

QISO [0]7, EPON 862/Epikure 3274

4

QISO [0]7, EPON 862/Epikure 3274

5

QISO [0]7, EPON 862/Epikure 3274

6
7
1

Rockwest 14002 prepreg
[0/+60/-60]2S (control)
Rockwest 14002 prepreg
[0/+60/-60]2S (control)

Process
VARTM
(Run 1)
VARTM
(Run 2)
Autoclave
(Run 1, panel A)
Autoclave
(Run 2, panel A)
Autoclave
(Run 2, panel B)
Autoclave
(Run 3, Panel A)
Autoclave
(Run 3, Panel B)

Type (and number) of
Coupons Produced1
0° (5)
0° (6)
90° (5)
0° (5)
0° (4)
90° (4)
0° (5)
90° (3)

All coupons listed here had a width of approximately 3.6-cm (1.41 inch).

Tensile testing was conducted with an Instron model 5985 materials testing system with a 60 kN
load cell (Instron) and 30 kN wedge action grips (Wyoming Test Fixtures) with 3-inch-wide jaw
inserts. The equipment included the AlignPROTM fixture and software (Instron) to verify that the
system was in alignment. Also, an Instron electronics expansion module was used to read the
signals from the strain gages and record them directly in the sample data file. A crosshead
extension rate of 2.54 mm/min (0.1 in/min) was used. All samples were tested to failure,
including the standard width 90° coupons although only their modulus values were considered
valid data.
In addition to tensile properties, the following other characterizations were performed. First, the
average thickness of each panel was measured prior to preparing tensile coupons. This process
involved using a digital calipers to manually measure the thickness of the panel at 3 locations
along each side of the panel (total of 12 measurements per panel). The purpose was to
characterize the uniformity of the panel’s thickness along the perimeter. These will be
compared to the final coupon thickness values as another measure of uniformity. The thickness
values were used to estimate fiber volume fraction using Vf = FAW / (f x CPT), where f is the
fiber theoretical density (1.80 g/cm3) and CPT is the panel’s cured ply thickness. Also, small
samples of each composite were cut out, potted in epoxy resin, and polished with a Buehler
AutoMet 250. A Zeiss optical microscope was used to view the panel’s cross section for
porosity and fiber uniformity. Three additional small samples were cut out of each panel for
density measurement, which was performed using ASTM D792 water buoyancy. Finally, a
ProX Phenom table top scanning electron microscope (SEM) was used to analyze the fracture
surface of the various tensile coupons. It was operated at 350-6400X magnification and 15 kV.

3. RESULTS AND DISCUSSION
The first results to be discussed relate to the uniformity of the panels in terms of thickness and
density. The panel thickness results are given in Figure 4. With respect to thickness variation,
the thickness measured around the perimeter of the panel was not statistically different than the
tensile coupons cut from the panel (i.e., error bars overlap), except for panel #1 which was an
outlier. Furthermore, there was no obvious trend as to which measurement method yielded the
larger value of average thickness. With respect to the effect of the processing method, the
VARTM panels were about 10% thicker than the autoclave panels (2.10 mm vs. 1.90 mm on
average), which was the expected trend due to the difference in consolidation pressure. The
control panels (1.80 mm average) were slightly thinner than the QISO autoclave panels by an
amount that was proportional to the total FAW.

Figure 4: panel thickness results. Error bars represent ± 2 standard deviations (±2)

The fiber volume fraction (Vf) results are given in Figure 5. The VARTM process led to a fiber
volume fraction in the low to mid 50% range, which is respectful for VARTM given the limited
consolidation pressure. The autoclave process resulted in Vf of about 56% for QISO, which was
comparable to other studies using autoclave molding [7] and RTM [3,8]. Although this value is
not as high as many aerospace composites made specifically from unitape prepregs and with
similar autoclave pressures, the braided architecture of QISO was expected to limit the Vf values.
Therefore 56% was considered to be reasonable. The control panels had a slightly lower Vf than
the QISO autoclave panels, which was attributed to the lower pressure used and possibly
differences in resin viscosity. The trends in the density results, also given in Figure 5, mirror the
fiber volume fraction very well results even though density was measured independently of panel
thickness.

Figure 5: (left) Panel Vf values estimated from tensile coupon thickness values. The label at the
top of each bar is the average Vf given in vol%. (right) Panel density results (3-6 samples each
panel). Error bars represent ± 2 in both charts.
Next, the microstructure of the panels will be briefly discussed. Photomicrographs are given in
Figure 6. Overall there was little or no visible porosity in all the panels. In the VARTM QISO
panels (Figure 6, top), there were resin rich areas which helps explain the lower Vf values. Some
of these regions are normal, since there are periodic “open” spaces in fabric preforms where tows
cross each other. However, in a few random locations, we observed resin rich areas between plies.
We are not certain whether this was caused by incomplete nesting of the plies during layup, or
from variations in how the resin flowed through the panel during infusion. The autoclave QISO
panels were better consolidated and contained fewer and smaller resin rich areas between plies. In
the control panels, the more regular flat geometry of the unitape plies is visually evident, and they
were well consolidated. However, the fiber distribution in each ply was not highly uniform which
was attributed to the original prepreg quality. Overall the microstructure of all the panels was
deemed to be sufficient to proceed to mechanical testing.

Figure 6: photomicrographs of polished cross sections of panels: (top): VARTM QISO, (middle)
autoclave QISO, (bottom) control panels (autoclave cured quasi-isotropic unitape prepreg).
The tensile testing results are given next. Typical stress-strain curves for standard width coupons
are given in Figure 7. Most of the stress-strain curves for 0° coupons were very linear. Some
had a little curvature near the failure point. The 90° coupons exhibited significant curvature after
0.5% strain. However, the purpose of these coupons was only to characterize the modulus in the
0.1-0.3% strain range, where the curves were indeed linear. Most of the coupons failed in the
gage section. Some failed near the tab, but this happened simultaneously with other places in the
gage section. The strain-to-failure was usually around 1.5-1.7% for 0° QISO coupons, while the
0° control panels reached 2% strain-to-failure and exhibited excellent linearity all the way to the
failure point.
Summaries of the tensile results are given in Figures 8-9. Various comparisons can be made, as
discussed next. When comparing panels made on different days by the same process, the
modulus and strength values were very repeatable. When comparing QISO panels made from
VARTM vs. autoclave, there was no significant difference in either 0° modulus or 0° strength
when the values were normalized for Vf. The control panel’s 0° modulus was the same or
slightly lower than the QISO panels when normalized for Vf, which was unexpected. However,
the control panel’s 0° strength was about 25% higher than the QISO panels, which was attributed

to the flatness of the unitape layers. When comparing 90° to 0° tensile coupons of a given
material, the modulus was not significantly different for autoclave QISO panels and the control
panels. However, for VARTM QISO panels, the 90° modulus was about 12% lower than the 0°
modulus. This result was puzzling, and it indicates there is a small but fundamental change in
the stiffening behavior of the QISO fiber architecture when there is a higher fraction of matrix
surrounding the fibers. The 90° tensile strength results were not valid for the standard width
coupon, but the results are included anyway as a point of reference (i.e. possibly a minimum
value). Finally, when comparing these results to triaxial braided fabric composites found in the
literature [2,3,4,7,8], the property values were fairly consistent even given the differences in
carbon fiber type, resin type, and processing differences: strength is approximately 750-800 MPa
with a few exceptions, and modulus is around 43-48 MPa (all normalized for Vf = 0.55).
Finally, SEM images of the fracture surface of a typical autoclave cured 0° tensile coupon are
given in Figure 10. Although not shown here, there was no obvious difference in VARTM vs.
autoclave cured QISO panels. The QISO architecture is evident in Figure 10A, where each 0°
fiber tow was sandwiched between upper ±60° tows and lower ±60° tows, as consistent with
Figure 1. The fibers were fractured fairly cleanly at the fracture surface, and there was evidence
of good adhesion between the fiber and matrix.

Figure 7: typical stress-strain curves for standard width (3.58 cm) coupons.

Figure 8: tensile modulus results. All results were normalized to 55% fiber volume fraction.
Error bars represent ± 2 standard deviations.

Figure 9: tensile strength results for standard width coupons. All results were normalized to
55% fiber volume fraction. Error bars represent ± 2 standard deviations.
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Figure 10: SEM images of fracture surface of 0° tensile coupon (QISO, autoclave cured).

4. CONCLUSIONS
This study constituted a fairly well controlled experimental analysis of the tensile properties of
QISO braided carbon fabric composites. It allowed for several interesting comparisons to be
made, including vacuum infusion vs. autoclave processing, 0° vs. 90° properties, and braided vs.
unitape architectures. The fiber volume fraction of VARTM panels was slightly lower than
autoclave cured panels, therefore all tensile results were normalized to 55% Vf in order to make
meaningful comparisons of the effect of the fiber architecture for difference processes.
Overall, the results demonstrated fairly strongly that the 0/90 tensile properties of QISO
composites are equivalent or very close is most respects. This was not the case for an autoclave
molded 0/±60 panel made from unitape prepreg (control panel), in which the 90° tensile strength
was significantly lower than 0° direction. On the other hand, the 0° strength of the control panel
was about 25% higher than the QISO panels, which places its 90° tensile strength only slightly
lower than the QISO panels. The control panel also had a significantly higher strain to failure in
the 0° direction than the QISO panels (2.0% vs. 1.7%, respectively). One factor that could not be
controlled was the resin system of the unitape prepreg, which was different than that used for the
QISO panels. Due to the potential effect of the resin system on mechanical properties (as seen in
[3]), comparisons of QISO panels to the control panel are not 100% conclusive but a good
baseline for consideration.
For autoclave cured QISO panels, the 0° and 90° moduli values were the same, while for
VARTM processed QISO panels the 90° modulus was about 12% lower than 0°. This result was
puzzling, and it indicates there is a small but fundamental change in the tensile stiffness behavior
of the QISO fiber architecture when there is a higher fraction of matrix surrounding the fibers.
Finally, an anecdotal but important observation of this study has supported a commonly stated
advantage of triaxial braded fabrics, which is ease of processing. The ability to quickly cut out
and stack up a composite laminate of arbitrary thicknesses, while not having to consider ply
stacking sequences but still achieve quasi-isotropic properties, was a noticeable event during the
course of study. Furthermore, the properties of VARTM-fabricated panels compared favorably
with autoclave cured panels when normalized for fiber volume fraction. However, the value of
fiber volume fraction was slightly lower for VARTM than the autoclave process, as expected,
which implies VARTM panels will be slightly less weight efficient. Therefore, the choice of
triaxial braid fabrics and VARTM processing is an excellent choice for low cost / ease-ofprocessing with only slight decrease of specific properties (due to Vf differences).
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